Entry of human cytomegalovirus (HCMV) into biologically relevant epithelial and 2 endothelial cells involves endocytosis followed by low-pH dependent fusion. This entry 3 pathway is facilitated by the HCMV UL128, UL130 and UL131 proteins, which form one 4 or more complexes with the virion envelope glycoprotein, gH/gL. gH/gL/UL128-131 5 complexes appear to be distinct from the gH/gL/gO complex, which likely facilitates 6 entry into fibroblasts. In order to better understand the assembly and protein-protein 7 interactions of gH/gL/UL128-131 complexes, we generated HCMV mutants lacking 8 UL128-131 proteins and non-replicating Ad vectors expressing gH, gL, UL128, UL130 9 and UL131. Our results demonstrate that UL128, UL130 and UL131 can each 10 independently assemble onto gH/gL scaffolds. However, the binding of individual 11
INTRODUCTION 22
Individuals with undeveloped or compromised immunity are highly sensitive to 23 infection by the ubiquitous herpesvirus, human cytomegalovirus (HCMV). Infections 24 acquired during birth can result in cytomegalic (or congenital) inclusion disease (CID), 25 which affects many tissues and organs including the central nervous system, liver and 26 retina and can lead to multi-organ failure and death (5, 36). AIDS patients are at risk of 27 HCMV pathologies including retinitis, uveitis and vitritis (36, 43, 50, 58) . Moreover, 28
HCMV infection increases the risk of organ graft loss through transplant vascular 29 sclerosis and restenosis and may increase atherosclerosis in transplant patients and in 30 the general population (1, 15, 36). These pathologies are due in part to the ability of 31 HCMV to enter and replicate in diverse cell types including epithelial cells, endothelial 32 cells, smooth muscle cells, fibroblasts, neurons, and monocyte/macrophages (8, 36, 33
49). 34
Laboratory strains of HCMV such as AD169 and Towne have been extensively 35 propagated on fibroblasts and harbor deletions, mutations and rearrangements in the 36 virus genome that compromise infection of epithelial and endothelial cells (10, 13, 42). 37
Sinzger et al. showed that loss of virus replication and spread on endothelial cells 38 correlated with genetic alterations occurring during serial passage on fibroblasts (54) . 39 known about the assembly and intracellular transport of gH/gL/UL128-131 complexes 113 and whether functionally important complexes (i.e., incorporated into virions) include 114 trimers (e.g., gH/gL/UL131), tetramers (e.g., gH/gL/UL128/UL130) or pentamers 115 (gH/gL/UL128/130/131). To study this and to characterize protein-protein interactions, 116
we used HCMV deletion mutants lacking UL128-131 proteins and adenovirus (Ad) 117 vectors that expressed gH, gL and UL128-131 proteins. Data presented here show that 118 each of UL128, UL130 and UL131 can bind independently to gH/gL but that binding of 119 one of these proteins can affect the binding of others. Expression of all of UL128, 120 UL130 and UL131 was required for efficient ER export of gH/gL, even in the context of 121 HCMV infection where gO was also present. Therefore, pentameric 122 gH/gL/UL128/130/131 complexes are likely to represent the functionally important 123 structures that are incorporated into the virion envelope. 124
MATERIALS AND METHODS 125
Cell lines. Neonatal, normal human dermal fibroblasts (NHDF) were obtained 126 from Cascade Biologics (Portland, OR) and U373-MG microglial cells were obtained 127 from American Type Culture Collection (Manassas, Va.) and grown in Dulbecco's 128 modified Eagle's medium (D-MEM) (Invitrogen) supplemented with 12% fetal bovine 129 utilizing the RecE and RecT genes of the prophage Rac and a negative selection 136 system (64). Briefly, the UL131 gene was first replaced by insertion of the galK gene. 137
A mutant version of the UL131 gene in which the start codon was changed from ATG to 138 ACG was then reinserted in place of the galK gene. Viruses were reconstituted by 139 transfection into permissive human fibroblasts and presence of the desired mutation 140 was confirmed by PCR-mediated DNA sequencing of the HCMV genome. HCMV 141 stocks were produced by infecting NHDF cells using 0.1 plaque forming units (PFU) per 142 cell for 10-16 days. To enrich for HCMV particles, infected cells were sonicated, then 143 large cellular debris removed by centrifugation at 6000 x g for 15 min and virus particles 144 centrifuged through a 20% sorbitol cushion at 50,000 x g for 1 h. Pellets were 145 resuspended in DMEM plus 10% FBS and frozen at -70°C. These stocks contained 146 approximately 50% of the total cell-associated virus and 70% of total cellular calnexin. 147
Construction of Ad vectors. Non-replicating (E1-) Ad vectors expressing 148
HCMV gH, gL, UL128, UL130, or UL131 were generated using a modification of the 149 method of Hardy et al. (18) . Briefly, each HCMV open reading frame (from start codon 150 to stop codon) was amplified by PCR from DNA derived from HCMV strain TR and 151 inserted into plasmid pAdTet-7 as described for HCMV US2 (60). UL128 and UL131 152 proteins are translated from spliced messages (4, 17) and, thus, RT-PCR was 153 performed using oligo d(T) in conjunction with primers specific to sequences just 154 upstream of the UL128 and UL131 ORFs to produce cDNAs corresponding to fully 155 spliced transcripts. To generate an Ad vector expressing soluble gH, the UL75 (gH) 156 coding sequence from the start codon to the codon corresponding to amino aciddownstream PCR primer contained in-frame coding sequence that fused the amino acid 159 sequence RSSTMVRSQPELAPEDPEDSALLEDPV to the C-terminus of gH. This 160 sequence is sufficient for recognition by the DL6 MAb (29). Each pAdTet-7-derived 161 plasmid was verified by DNA sequencing then cotransfected along with DNA derived Ad 162 psi-5 which has packaging sequences flanked by loxP sites (18) 
Radiolabeling of cells and immunoprecipitation of proteins. Cells were 184
washed extensively with medium lacking methionine and cysteine then incubated in this 185 media for 1 h before the addition of this medium supplemented with [
35 S]-186 methionine/cysteine (50 to 200 Ci/ml; Amersham). In pulse-chase experiments, 187 radioactivity was chased by incubating cells in medium containing a 10-fold excess non-188 radioactive methionine and cysteine. Cell extracts were made with NP40 lysis buffer: 189 0.5% NP40 in phosphate buffered saline (PBS) supplemented with 1 mg/ml bovine 190 serum albumin and 1mM phenylmethylsulfonyl fluoride and clarified by centrifugation at 191 1500 x g for 10 min. Culture supernatants and cell extracts were clarified by 192 centrifugation at 60-100,000 X g for 30-60 min and pre-cleared by incubation with 193 irrelevant rabbit or mouse sera and protein A-agarose beads for 1 -2 h. 194
Immunoprecipitation involved addition of ascites fluid or antiserum for 2 h, followed by 195 incubation with protein A-agarose for an additional 2 h. In some cases, the peptide 196 used to produce anti-peptide sera (10 ug/ml) were added to cell extracts in conjunction 197 with antisera. A new panel of rabbit anti-peptide antibodies specific for gH, gL, UL128, UL130 242 and UL131 was prepared and used to characterize the expression of these proteins by 243 the HCMV mutants. HCMV particles were enriched for and concentrated by 244 centrifugation through a 20% sorbitol cushion. These preparations contained 245 approximately 50% of the total infectious HCMV as well as 70% of the ER-resident 246 protein, calnexin (data not shown). Proteins were resolved by SDS-PAGE and detected 247 by immunoblot (Fig. 1) . As expected, extracts from TR 4-infected cells contained gH 248 and gL but no UL128, UL130 or UL131 and TR 131 expressed UL128 and UL130 but 249 not UL131. A previously described UL131 mutant failed to express UL130, probably 250 because the insertion mutagenesis used in that case destabilized a common transcript 251 encoding UL130 and UL131 (17). Apparently, mutation of the start codon used for 252 construction of TR 131 avoided this issue. 253
Characterization of gH/gL/UL128-UL131 complexes in HCMV-infected cells. 254
We analyzed gH/gL complexes that were immunoprecipitated from TR 131 and 255 TR 4-infected cells by immunoblot to determine whether gL, UL128 and UL130 were 256 present when UL131 or UL128-131 were absent (Fig 2) . As expected, gL was 257 consistently observed with or without the UL128-131 proteins. Wild type TR gH/gL 258 complexes also contained two electrophoretically separable forms of UL128, three 259
forms of UL130 and a single form of UL131. TR 4 gH/gL complexes did not contain 260 UL128, UL130 or UL131 whereas TR 131 expressed gH/gL complexes containing 261 UL128 and UL130, but not UL131. Interestingly, the slower migrating forms of UL130 262 observed in TR gH/gL complexes were not observed in TR 131 gH/gL complexes. 263
Both gH and UL130 are modified with N-linked oligosaccharides (48) and thus, it 264 appeared that faster migrating forms of these glycoproteins represented unprocessed 265 forms containing immature, high mannose N-linked oligosaccharides. Transport of 266 herpesvirus glycoproteins to the Golgi apparatus is associate with processing of N-267 linked oligosaccharides to complex oligosaccharides that are resistant to 268 endoglycosidase H (endo H) (30). To address defects in intracellular transport of 269 gH/gL complexes and of UL130, gH/gL complexes were immunoprecipitated from 270 extracts of HCMV-infected cells and then treated with endo H. About half the gH 271 produced in TR 4 and TR 131-infected cells exhibited dramatically increased 272
electrophoretic mobility, compared with untreated gH (Fig. 3A) . This fast migrating form 273 of gH was similar to the radiolabeled gH produced in a short pulse (see Fig. 6 
HCMV-infected cells is likely due to a small fraction of N-linked oligosaccharides that 282 are not processed to complex oligosaccharides, as was observed with HSV gB (65). 283

However, the salient point is that half the gH produced in TR 4 and TR 131-infected 284 cells is highly endoH sensitive, with no evidence of any endo H resistance, and this 285 suggests that half the gH is ER retained. The other half of gH that is processed in TR 4 286 and TR 131-infected cells likely reflects expression of gO, which can complex with 287 gH/gL and promote transport to the Golgi apparatus (24). 288
The fraction of UL130 associated with gH/gL from TR 131-infected cells was 289 entirely endo H sensitive (Fig. 3B) . gL, UL128 and UL131 were not analyzed because 290 they are not predicted to contain extensive glycosylation. Together, these results 291 indicate that when either UL131 or all of UL128, UL130 and UL131 are absent, a 292 substantial population of gH/gL complexes are retained in the ER. The subset of gH/gL 293 that is transported to the Golgi compartment in the absence of UL128-131 likely 294 represents gH/gL complexes containing gO (24). 295 UL131. Proteins of the expected sizes (2, 62) were detected and efficiently competed 316 when anti-peptide sera were pre-mixed with the synthetic peptides (Fig. 4) . 
A C C E P T E D
Binding of UL128-131 proteins to gH/gL and effects on intracellular 318
transport. U373 cells were infected with Ad vectors and extracts were either analyzed 319 directly by immunoblot (Fig. 5 A, C, E and G) or by immunoprecipitation with anti-gH 320 antibodies followed by immunoblot for the presence of gL, UL128, UL130 or UL131 (Fig.  321 5 B, D, F and H). Expression of each protein varied by less than 1.5-fold when other 322 proteins were expressed (Fig. 5 A, C, E and G) and negligible amounts of gL, UL128, 323 UL130 or UL131 were precipitated by anti-gH antibodies in the absence of gH 324 expression ( Fig. 5 B, D, F and H). Consistent with the hypothesis that the gH/gL dimer 325 is the foundation for these complexes, expression of any combination of the UL128, 326 UL130 and UL131 proteins did not alter the quantities of gL bound to gH (Fig. 5B lanes 327 1 to 8). Each of UL128, UL130 and UL131 could independently bind to gH/gL (Fig. 5D,  328 F, H, lane 2). However, the amount of each of the UL128-131 proteins bound to gH/gL 329 was often markedly influenced by the presence of the others as follows: 1) Binding of 330 UL128 to gH/gL was reduced by half when both UL130 and UL131 were also present 331 (Fig. 5D lanes 2 and 5) .
2) The presence of UL128 increased binding of UL130 to 332 gH/gL by 5-fold (Fig. 5F , lanes 2 and 3) and increased binding of UL131 to gH/gL by 3-333 fold (Fig. 5H, lanes 2 and 3). 3) The presence of UL131, in the absence of UL128, 334 reduced the binding of UL130 to gH/gL (Fig 5F lanes 2 and 4) . Additionally, the 335 electrophoretic mobility of the UL130 protein that was bound to gH/gL was lower when 336 both UL128 and UL131 were also present compared to expression conditions in which 337 either UL128 or UL131 were absent ( Fig. 5F lanes 2-5) . The latter observation was 338 consistent with analysis of HCMV-infected cells, in which gH/gL complexes containing 339 approximately 80% of the gH was endo H resistant when all of gL, UL128, UL130 and 347 UL131 were present in the cells (Fig. 6A) . By contrast, when UL131 alone, UL130 and 348 UL131 or all of UL128-131 were omitted, less than 25% of the gH became endo H 349 resistant (Fig. 6B, C and D to be anchored in membranes. Therefore, we replaced the transmembrane and 357 cytoplasm domains of gH with an epitope tag (for anti-HSV gD MAb, DL6) and 358 expressed the protein (denoted sgH) using an Ad vector (Fig. 7A) . sgH was 359 radiolabeled in U373 cells and immunoprecipitated with; 1) a gH-specific, anti-peptide 360 antibody, 2) anti-gH MAb 14-4b, which is specific for a conformational epitope, not 361 recognized in western blots (6) and 3) MAb DL6, specific for the epitope tag (Fig. 7B) . 362 U373 cells infected with various combinations of sgH, gL, and UL128-131 were 363 radiolabeled in a pulse-chase format and sgH complexes were immunoprecipitated from 364 either the culture medium or cell extracts (Fig. 8) . Consistent with previous data (31, 365 56), sgH alone was not secreted and the presence of gL promoted the secretion of 366 some sgH (Fig. 8A and I) . However, when all of gL, UL128, UL130 and UL131 were 367 coexpressed, sgH was much more efficiently secreted compared with sgH/gL alone 368 (Fig. 8 B and I) . When any one of UL128, UL130 or UL131 was omitted, secretion of 369 sgH was dramatically reduced compared with sgH/gL/UL128/130/131 (Fig. 8 C through  370 H). Of particular interest were conditions in which UL128 was present but UL130, 371 UL131 or both were absent (Fig. 8 C, D and E) . In these conditions, secretion of sgH 372 was similar to that of sgH alone. Conversely, when only UL128 was lacking, sgH was 373 secreted with approximately 20% efficiency (Fig. 8H) . Furthermore, the presence of 374 UL128, UL130 and UL131 did not alleviate the necessity of gL for secretion of sgH (Fig.  375   8J) , again highlighting the gH/gL heterodimer as the foundation for these complexes. 376
A C C E P T E D
These data support the hypothesis that all three of UL128, UL130 and UL131 are 377 required for efficient intracellular transport of gH/gL complexes beyond the ER when gO 378 is not present. 379
Interactions between pairs of proteins. To address the organization of the 380 gH/gL/UL128-131 complex, i.e. which proteins bind to which other proteins, pairs of 381 proteins were expressed using Ad vectors. Cells were metabolically labeled and 382 analyzed by coimmunoprecipitation followed by SDS-PAGE under reducing or non-383 reducing conditions. HCMV gH and gL form a disulfide-linked hetrodimer (31, 56) and 384 this complex served as the benchmark for these analyses. Both anti-gH and anti-gL 385 
only detected under non-reducing conditions, these data support a disulfide interaction 396
between UL130 and UL131. (Fig. 9B) . For gL and UL128, gL was precipitated by anti-397 UL128 antibodies and UL128 was precipitated by anti-gL antibodies and neither protein 398 was precipitated by an irrelevant antibody (Fig 9C) . Since the same bands were 399 observed under both reducing and non-reducing gel conditions, these results suggest a 400 non-covalent interaction between gL and UL128. A non-covalent interaction was also 401 observed between gH and UL130, where anti-UL130 antibodies precipitated gH but an 402 irrelevant antibody did not (Fig. 9E, especially reduced (Fig. 9D, especially reduced lanes) . There was more clearly visible UL128 410 precipitated by anti-UL130 antibodies (Fig. 9D) . Again the quantity of radioactivity in 411
UL128 is lower given its smaller size. Other interactions between different proteins 412
were not detected, either because detergents disrupted protein-protein interactions or 413 the proteins do not contact one another. For example, there was no obvious UL131 414 precipitated with anti-gH or vice versa (Fig 9F) . Interestingly, although we could not 415 detect a direct interaction between UL131 and either gH or gL independently, UL131 416 was immunoprecipitated by anti-gH antibodies when both gH and gL were expressed 417 (Fig. 5H, lane 2) . Therefore, it appears that UL131 binds to a surface created by the 418 dimerization of gH/gL. These data are summarized schematically in Fig.10 . 419
DISCUSSION 420
Previous reports have indicated that the UL128, UL130 and UL131 proteins bind 421 in some manner to gH/gL to form complexes that mediate entry into epithelial and 422 endothelial cells and are distinct from the gH/gL/gO complex, which may mediate entry 423 into fibroblasts (2, 17, 48, 51, 61, 62). There may be analogies with the dual receptor-424 binding gH/gL complexes of EBV and HHV-6 (7, 41). An important aspect of this model 425 that had not been addressed was whether gH/gL and UL128-131 assemble to form one 426 complex consisting of all five proteins or whether gH/gL assemble with subsets of 427 UL128, UL130 and UL131 to form several different complexes. We reasoned that any 428 complex of gH/gL and UL128-131 that is important for entry into epithelial and 429 endothelial cells must be assembled in the ER and transported to sites of virus 430 envelopment, which are likely derived from the Golgi apparatus (23, 52) . 431
The transport of membrane protein complexes from the ER to the Golgi 432 apparatus and then on to cell surfaces or other compartments is intimately tied to, or 433 dependent upon proper protein folding, post-translation modifications and assembly into 434 multi-protein complexes. These processes involve the activity of ER chaperones such 435 as BiP, calnexin and protein disulfide isomerase, which recognize immaturity in the form 436 of exposed hydrophobic surfaces or specific oligosaccharide structures and help to 437 promote folding and assembly (39). When any single component of a multi-protein 438 complex is missing or misfolded, the entire complex is frequently retained in the ER or is 439 degraded by ER-associated degradation. 440
Based on this understanding, we analyzed intracellular transport of gH/gL 441 complexes in cells infected with HCMV mutants lacking UL128-150 or just UL131 and 442
found that approximately half of the gH was highly endo H-sensitive compared to cells 443 infected with wild type TR, where the majority of gH was endo H-resistant. The high 444
endo H sensitivity of gH produced in TR 4 and TR 131-infected cells reflected ER 445 retained gH/gL and could be discerned by comparing the electrophoretic mobility of this 446
species to the gH produced in pulse samples in Fig. 6 exported from the ER and therefore, unlikely to be incorporated into the virion. 477 Consistent with this, Wang and Shenk showed that AD169, which is effectively a 478
UL131-null mutant, fails to incorporate UL128 and UL130 into virions (62). 479
Prior to the discovery of UL128-131 in clinical strains, transport of gH to cell 480 surfaces was observed with coexpression of gL alone (31, 56), although 481 immunofluroescence studies indicated that the majority of HCMV gH remained in 482 cytoplasmic vesicles (31). More recently, gH/gL expressed without gO (or UL128-131) 483 mediated cell-cell fusion, again indicating some transport to cell surfaces (33). Our 484 results indicate that transport of gH/gL out of the ER is inefficent in the absence of 485 UL128-131. However, it is possible that gH/gL is more efficiently exported from the ER 486 in transfected CHO and BHK cells or that there are compensatory mutations in AD169 487 gH or gL that promote more efficient intracellular transport. 488 UL128-131, gO and gL clearly promote ER export and may affect gH/gL folding 489 but should not be considered as chaperones. Unlike chaperones, these proteins remain 490 bound onto gH, are incorporated into the virion envelope and are required for function. 491
Supporting this view, Cairns et al. recently described HSV gH mutants that were 492 transported to Golgi compartments and incorporated into virions in the absence of gL 493 but still failed to function in entry, consistent with HSV gH/gL functioning as one protein 494 (9). Thus, gH/gL complexes might be better described as heterooligomers. 495 gH/gL dimers and with reports about other herpesvirus gH/gL complexes (24, 27, 32, 501 38). Additionally, UL128, UL130 and UL131 could each individually bind to gH/gL, 502 indicating that there are independent binding sites for each of the UL128-131 proteins 503 on gH, gL, or gH/gL. This hypothesis was supported by analyses of interactions 504 between of pairs of gH, gL, UL128, UL130 and UL131. We observed direct, 505 noncovalent interactions between UL128 and gL and between UL130 and gH (refer to 506 cartoon, Fig. 10 ). By contrast, UL131 did not bind detectably to either gH or gL thus, 507 the binding site for UL131 apparently involves a surface created when gH and gL 508 complex to each other. Moreover, UL130 and UL131 formed a disulfide-linked dimer 509 that might strengthen UL131 binding to gH/gL. Interestingly, the binding of certain of 510 the UL128-131 proteins to gH/gL affected the binding of others. For example, UL128 511 binding onto gH/gL dramatically enhanced binding of UL130 and UL131. One 512 interpretation of these results is that UL128 stabilizes interactions between a disulfide-513 linked UL130/131 hetrodimer and gH/gL (see Fig. 10 ). However, binding of UL128 to 514 gH/gL complexes was reduced by 50% when UL130/UL131 was present. This might 515 indicate that there are multiple UL128 binding sites on gH/gL, some of which are 516 occluded by UL130/131. Importantly, gO might compete with UL128-131 for gH/gL 517 binding at any of these sties, affecting assembly and transport of gH/gL in HCMV-518 infected cells. 519
The stoichiometry of the gH/gL/UL128-131 complex is not yet defined. Kirshner 520 et al. were able to show that the EBV gH/gL/gp42 complex is formed in a 1:1:1 ratio 521 (35). However, the small size of the UL128 and UL131 proteins has made attempts at 522 analyzing the stoichiometry of gH/gL/UL128-131 complexes by gel filtration or in cross-523 linking experiments difficult. For example, we chemically crossslinked soluble 524 gH/gL/UL128-131 complexes and observed bands consistent with a pentamer ( 190 525 KDa) (results not shown). However, given the sizes of UL128 and UL131 (15-17 KDa), it 526 was impossible to determine whether there were one or two copies of these proteins 527 present in putative pentameric bands. 528
In summary, our results support the hypothesis that the complex that facilitates 529 entry into epithelial and endothelial cells is one comprised of gH/gL and all of UL128, 530 UL130 and UL131. One interesting issue that remains to be investigated is the 531 influence of the gH/gL/gO and gH/gL/UL128/UL130/UL131 complexes on one another. were immunoprecipitated using anti-gH MAb, 14-4b followed by immunoblot with rabbit anti-peptide antibodies specific for gH, gL, UL130 or UL131 or anti-UL128 MAb, 4B10.
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